Here, we present a detailed analysis of the deforming wing kinematics of free-flying hoverflies (Eristalis tenax, Linnaeus) during hovering flight. We used four high-speed digital video cameras to reconstruct the motion of approximately 22 points on each wing using photogrammetric techniques. While the root-flapping motion of the wing is similar in both the downstroke and upstroke, and is well modelled as a simple harmonic motion, other wing kinematic parameters show substantial variation between the downstroke and upstroke. Whereas the magnitude of the angle of incidence varies considerably within and between different hoverflies, the twist distribution along the wing is highly stereotyped. The angle of incidence and camber both show a recoil effect as they change abruptly at stroke reversal. Pronation occurs consistently after stroke reversal, which is perhaps surprising, because this has been found to reduce lift production in modelling studies. We find that the alula, a hinged flap near the base of the wing, operates in two discrete states: either in plane with the wing, or flipped approximately normal to it. We hypothesize that the alula may be acting as a flowcontrol device.
INTRODUCTION
Hovering flight is the most demanding type of sustained locomotion, as it is not only the most energetically expensive form of flight (Weis-Fogh 1972) , but exceptionally fine control is also needed to remain stationary. All of the aerodynamic force must be produced in the absence of any incident flow, meaning lift can be produced only by the powered reciprocating motion of the wing (Fry et al. 2005) . For engineers interested in building micro-air vehicles, hovering represents a challenging feature of insect flight that would be desirable to replicate (e.g. Zuo et al. 2006; Shyy et al. 1999; Ż bikowski 2002; Ż bikowski et al. 2006; Kurtulus et al. 2008) . It is therefore no surprise that hovering flight remains one of the most active areas of insect flight research.
Mechanical and mathematical models have shown that a number of parameters are important in determining the forces produced during hovering flight, e.g. angle of attack (Dickinson & Götz 1993; Sun & Tang 2002; Wang et al. 2004; Bos et al. 2008) , stroke amplitude (Wang 2000; Ramamurti & Sandberg 2002; Lua et al. 2008) and wingbeat frequency (Wu & Sun 2004; Tang et al. 2007 ). However, these models are typically based on rigid, flat-plate kinematics, which are far removed from the real kinematics of a hovering insect where time-varying camber and wing twist are present (e.g. Weis-Fogh 1973; Ellington 1984; Ennos 1989; Willmott & Ellington 1997) . Recent work has shown that camber, and to a lesser extent twist, do indeed play important roles in determining the aerodynamic forces produced during hovering flight, by increasing the lift coefficient and reducing the required aerodynamic power (Du & Sun 2008; Vanella et al. 2009 ).
Subtle changes in stroke parameters are also known to influence the aerodynamic forces produced during hovering flight (e.g. Fry et al. 2003 Fry et al. , 2005 Lehmann & Pick 2007) . Recently, Bos et al. (2008) showed that using simplified wing-tip kinematics and angles of attack in models of insect flight can result in considerable reductions in the measured lift-and-drag forces. Detailed kinematics which describe the full kinematics of the wings, including their deformations, are therefore needed if we are to fully understand the aerodynamic mechanisms that are used by insects in hovering flight. Despite this, there are few quantitative measurements of wing shape and movement in free-flying insects. Walker et al. (2009, in press ) recently described a series of techniques, based on photogrammetry, that allow high spatiotemporal resolution threedimensional kinematics to be measured using high-speed digital video cameras. These techniques allow accurate measurements to be made of the surface topography from insect wings during free-flight.
Several studies have focused on the wing kinematics of hoverflies, involving quantitative measurements of wingtip paths and qualitative descriptions of the wing twist and camber (Ellington 1984; Ennos 1989) . These studies show that a torsional wave passes from wing-tip to wing root during rotation at the end of each half-stroke. Ennos (1988b) used an analytical approach to show that wing rotation and the torsional wave could be accounted for by inertial forces alone, with little or no muscular input required, and this has been supported by more recent work from Ishihara et al. (2009) using computational fluid dynamics on a two-dimensional flexible aerofoil. Some control of wing rotation is nevertheless apparent in flight (Ellington 1984) , and rotation at the end of the half-stroke is especially important. Many studies have shown that the timing and duration of this rotation has a substantial effect on the resulting lift forces in dipteran flight (e.g. Dickinson et al. 1999; Sane & Dickinson 2001; Sun & Tang 2002; Walker 2002; Wang et al. 2004) . In particular, early rotation results in significantly higher lift coefficients than delayed rotation owing to differences in wake capture and the amount of rotational lift being produced.
In this paper, we describe and analyse the deforming wing kinematics of free-flying hoverflies (Eristalis tenax, Linnaeus). We examine how the wing-tip paths, angle of attack and camber of the wings vary through the stroke. We then discuss which parameters show significant variation or consistency through the stroke and between different individuals, and consider how they might be important in terms of the aerodynamics and control. We also describe the movements of the alula, a hinged flap-like structure at the root of the wing, which might serve as a flow-control device.
MATERIAL AND METHODS

Wing kinematics measurements
The methods used are those outlined in Walker et al. (2009) , so only a brief summary shall be given here. Hoverflies were wild-caught in Oxford and used for experiments on the day of capture. Each hoverfly was allowed to fly freely inside a 220 mm diameter flight cylinder made of 0.175 mm clear sheet polyester, and was encouraged to hover in a column of visible light generated by two, non-flickering light sources, placed above and below the light chamber. Four Photron Ultima APX cameras (Photron Ltd, Bucks, UK) with 180 mm Sigma macro lenses were used for filming, recording at 4000 frames s 21 with 1024 Â 512 pixel resolution. The cameras were positioned above the cylinder to give good views of the wings throughout the stroke cycle, with minimal obscuration by the body. For illumination, we used a 200 W infrared pulsed laser (HSI-1000, Oxford Lasers Ltd, Oxford, UK), which was routed though four fibre optics and a series of collimating lenses to provide direct illumination into each of the cameras' lenses. This provided extremely bright illumination, while also having a short enough pulse duration (1 ms) to eliminate motion blur and overheating of the insect. The wavelength of the laser (805 nm) was beyond the range of the visible spectrum for Eristalis (Bishop 1974; Horridge et al. 1975) , hence it did not interfere with the hoverflies' behaviour. In total, 172 recordings were made from 26 individual hoverflies, although only 78 of these, from six individuals, had both wings visible in at least two cameras for at least one complete stroke cycle. From these, five sequences, each from a different hoverfly, were selected for full kinematic analysis, providing 25 complete wingbeats. These sequences were selected as those in which both wings were visible in all four camera views for multiple wingbeats, and in which Ellington's (Ellington 1984) criterion for hovering was satisfied, namely that the advance ratio was ( 0.1 (table 1) .
The cameras were calibrated using custom-written software running in Matlab (Matlab v. 7.4, The Mathworks Inc., Natick, MA, USA). The details of the calibration are described in Walker et al. (2009) but in brief, the method uses a bundle adjustment, which uses a nonlinear least squares solver to produce jointly optimal estimates of the camera parameters and the spatial coordinates of points on a two-dimensional calibration grid in a range of positions and orientations. Manual tracking was used to identify 22 points on each wing and three points on the body (two from the head and one from the abdomen). The estimated spatial coordinates of these points had a mean absolute error of approximately 0.03 mm (Walker et al. 2009 ). The coordinates of the identified points were then forwardsbackwards filtered using a third-order low-pass Butterworth filter with a 23 dB cut-off frequency at 1000 Hz. The value of the cut-off frequency was chosen by autocorrelation analysis as the lowest filter frequency that did not remove any underlying signal from the data. A 100 Â 100 point deformable surface mesh was then fitted to each wing that accurately described the camber and twist distribution. Finally, a scale model of the body was fitted, based on the coordinates of the measured points from the head and the abdomen.
Three reference frames are defined for each wing. The first is a right-handed laboratory-fixed frame of reference (x, y, z). The x-axis of this frame is horizontal and points forward in the direction of the long axis of the body based on its position in the first frame of the sequence; the z-axis points vertically down. The stroke angle and deviation angle are measured with respect to a second, body-fixed axis system (x 0 y 0 z 0 ) defined with respect to the stroke plane and centred on the wing root. The stroke plane (figure 1) contains the wing root and the wing-tip at the two extremes of the stroke, and defines the x 0 y 0 -plane in which the x 0 -axis points forward within the plane of symmetry of the insect. The stroke plane angle is defined as the angle between the xy-plane and the x 0 y 0 -plane (i.e. stroke plane), measured in the xz-plane. This angle measures the tilt of the stroke plane, and is signed positive when the stroke plane is inclined downward, as it is in forward flight. The stroke angle is defined as the angle between the line joining the wing-tip and wing root and its projection onto the y 0 z 0 -plane ( figure 1a ). This angle measures the instantaneous position of the wing within the stroke plane, and is signed positive when the wing points forwards of the y 0 -axis. The stroke amplitude is defined as the maximum subtracted from the minimum stroke angle, and the mid-stroke angle is defined as the stroke angle at the mean midpoint of the downstroke and upstroke. The deviation angle is measured orthogonal to the stroke angle, and is defined as the angle between the line joining the wing-tip and wing root and its projection onto the x 0 y 0 -plane (figure 1b). This angle measures the out-of-plane motion of the wing, and is signed positive when the wing is above the stroke plane.
The local angle of incidence and the camber of each wing were measured with respect to a rotating wingaxis system (x w , y w , z w ) that is centred on the wing root. The y w -axis is coincident with the line joining the wing-tip to the wing root, and the x w -axis is horizontal and is directed forwards to a degree that varies through the stroke (figure 1c). Defining camber and angle of incidence with respect to this rotating frame of reference allows us to control for the effects of changing stroke angle and deviation angle. The local angle of incidence was defined as the angle between the x w y w -plane and the line joining the leading and trailing edge parallel to the x w z w -plane, signed positive in the direction of rotation from the x w y w -plane to the anatomical ventral surface of the wing. The s.d. of the error in the angle of incidence measurements was an inverse function of the local chord length, but was at worst 0.888 (Walker et al. 2009 ). The local camber was defined as the ratio of the mid-chord height to the chord length (8) stroke amplitude (8) mid-stroke angle ( + 2.9 102.3 + 2.6 212.8 The deviation angle (D) is measured orthogonal to the stroke angle, and is defined as the angle between the line joining the wing-tip and wing root and its projection onto the x 0 y 0 -plane. (c) The local angle of incidence is defined as the angle between the x w y w -plane and the line joining the leading and trailing edge parallel to the x w z w -plane. The local camber is defined as the ratio of the mid-chord height (C h ) to the chord length (C l ).
Wing kinematics in hoverflies S. M. Walker et al. 133 (figure 1c). The mid-chord height was used as opposed to the maximum chord height because the wing bends into a complicated reflexed shape during stroke reversal, causing the maximum chord height to vary discontinuously. Table 1 gives summary kinematic parameters for each hoverfly. There is considerable variation in nearly all of the wing-tip parameters between the different hoverflies. The stroke amplitude varies greatly between individual hoverflies. For example, the wings of hoverfly H2 (stroke amplitude 1308 for both the left and right wings) move through an angle almost double that of hoverfly H1 (stroke amplitude 678 and 698 for the left and right wings, respectively). All of the hoverflies have stroke plane angles that are close to zero, resulting in an approximately horizontal wingbeat with no significant correlation between the advance ratio and the stroke plane angle (general linear model controlling for hoverfly: hoverflies move considerably less than one body length per wingbeat.
RESULTS
Wing-tip kinematics
Within hoverflies, the stroke amplitude and stroke plane angle are similar between the left and right wings, with a maximum of 48 difference in stroke amplitude for hoverfly H5, and a maximum of 38 difference in stroke plane angle for hoverfly H2. There is considerably more variation in the mid-stroke angle, particularly in the case of hoverfly H2 where the difference in the mid-stroke angle between the left and right wings is approximately 508. Figure 2 plots the stroke angle and deviation angle for each wing of each hoverfly against normalized time through the wingbeat (t ), defined as the time since the start of the downstroke divided by the wingbeat period. For a given individual, the stroke angle shows less variation between successive wingbeats than the deviation angle. The change in stroke angle through the stroke is very similar between the left and right wings, but the absolute values show some differences, particularly in the case of hoverfly H2, where there is approximately a 508 difference between the left and 
9, where t is the normalized time through the wingbeat.) The wings are coloured by the angle of incidence. A scaled model of the hoverfly body is also shown for reference. The green wisps at the wing tips show the immediate time history of the wing tip position to convey a sense of the wing's motion. The wing is twisted throughout the wingbeat, but is most noticeably twisted just after supination ( f ), when a torsional wave passes along the wing from wing-tip to wing root.
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Angle of incidence
Figure 3 plots a three-dimensional projection of hoverfly H5 through 10 stages of a single wingbeat. The wings are coloured according to the local angle of incidence. The wing is twisted during all stages of the wingbeat, but is most noticeably twisted just after stroke reversal (figure 3f ), when a torsional wave passes along the wing from wing-tip to wing root. Figure 4 plots the instantaneous angle of incidence at 50 per cent wing length through the stroke. During the downstroke, the angle of incidence decreases sharply until approximately t ¼ 0.15. After t ¼ 0.15, the angle of incidence recoils through approximately 58. A similar recoil is also seen in the upstroke after a rapid increase in the angle of incidence up to approximately t ¼ 0.6. Although this recoil is typical of both the upstroke and the downstroke, hoverfly H1 does not show a recoil effect on the downstroke, so this is not a universal or necessary feature of the wingbeat. Figure 5 plots the angle of incidence across the wing at four different stages of every recorded wingbeat (start of downstroke, mid-downstroke, start of upstroke and mid-upstroke). At all four stages of the stroke there is considerable variation in the absolute values of the angle of incidence between different wingbeats. Nevertheless, at every stage of the wingbeat shown in figure 5 , the angle of incidence varies approximately linearly with distance along the wing, and the slope of the line is similar between wingbeats. This was tested by regressing angle of incidence against distance along the wing at every measured instant and then plotting how the slopes of the regressions varied through the stroke ( figure 6a ). Figure 6a therefore shows how the strength and sign of the linear twist distribution varies through the wingbeat. The recoil observed in the instantaneous angle of incidence measurements (figure 4) is manifested in the pronounced changes in twist that occur near the start of each half-stroke (figure 6a). We have excluded portions of the wing near the root and tip from this analysis because the measurement error is inversely related to the chord, which tapers at the root and tip, and because of the presence of a hinged flap at the wing root (figure 6b; see §3.5). The mean R 2 value of all of the linear regressions was 91.6 per cent, indicating that most of the span-wise variation in the angle of incidence at any instant is explained by a linear twist distribution.
The changes in twist distribution are qualitatively similar between individuals, and the s.d.'s of the slope estimates are also small. This indicates that the periodic changes in linear twist distribution are consistent both within individuals and between left and right wings. The twist is negative during the downstroke (i.e. the angle of incidence decreases from root to tip) and positive during the upstroke (i.e. the angle of incidence increases from root to tip); however, both distributions would result in aerodynamic washout (i.e. the angle of attack decreases from root to tip) when taking account of the relative movement of the wing. Figure 7 shows the wing motion diagrammatically for hoverfly H1, plotting the instantaneous wing profiles at three distances along the wing through a single wingbeat. The wing rotates rapidly at either end of the stroke, but reverses its translational direction before the angle of incidence has passed through 908 ('delayed rotation'; Dickinson et al. 1999) . This is most pronounced during pronation and near the wing root because of the torsional wave running down the wing, which causes the angle of incidence near the wing root to lag behind the wing-tip (figure 3). These results are quantified in figure 8, which shows the difference between the timing of wing rotation at pronation and supination (defined as the time when the angle of incidence of the wing passes through 908) and the The wing profiles are drawn as they would appear when projected onto the x w z w -plane of the rotating wing-axis system (i.e. they are how the airfoil section would appear when looking directly down the longaxis of the wing) but are spaced according to the distance moved in the x 0 z 0 -plane (i.e. they are spaced as they would appear when looking sideways onto the insect). The triangle on each profile is a symbol added to identify the dorsal side of the leading edge, and is not a part of the wing. Wing rotation (defined as the time when the local angle of incidence passes through 908 at the end of each half stroke) typically occurs after the start of the next half stroke ('delayed rotation'; Dickinson et al. 1999) .
Timing of stroke reversal and wing rotation
Wing kinematics in hoverflies S. M. Walker et al. 137 timing of the corresponding stroke reversal (defined as the time when the angular velocity of the wing in the stroke plane changes sign). As was illustrated already for a single wingbeat in hoverfly H5 (figure 7), rotation typically occurs after stroke reversal during pronation, and approximately at stroke reversal during supination. Figure 9 plots anatomical camber against distance along the wing at mid-downstroke (a,d) and midupstroke (b,e). At mid-downstroke, the camber is constant up to approximately 80 per cent wing length, beyond which it decreases. At mid-upstroke, the anatomical camber is negative and increases in magnitude along the wing up to approximately 60 per cent wing length, beyond which it decreases in magnitude. Note that because the wing is inverted on the upstroke, the sign of the anatomical camber is appropriate to give an effective positive camber on both half-strokes (i.e. the wing is always concave with respect to the oncoming flow). Each hoverfly has similar camber on the left and right wings, but different individuals have very different values of maximum and minimum camber. Figure 9c , f plots the mean instantaneous camber at 50 per cent wing length against normalized time for each hoverfly. Like the angle of incidence and angle of attack (figure 4), camber changes through the stroke in a qualitatively similar fashion in different individuals. Camber also shows a similar recoil effect to angle of incidence at the start of each half-stroke, visible in figure 9c, f at approximately t ¼ 0.15 and t ¼ 0.6.
Wing camber
Alula
The alula is a hinged flap near the base of the hoverfly wing that is present in some Diptera and which varies greatly among species in its size relative to the rest of the wing (see e.g. Colyer & Hammond 1968; Stubbs & Falk 2002 ). The alula is particularly large in Eristalis, and can be seen clearly in frames taken from the highspeed video of hoverflies H3 and H5 (figure 10). The two hoverflies are using similar wing kinematics (table 1 and figure 4) , but have the alula operating in quite different states. In hoverfly H3 ( figure 10a -f ) , the alula operates at a similar angle of incidence to the rest of the wing, except at stroke reversal (figure 10c) when it lags behind the rest of the wing. In contrast, in hoverfly H5, the alula operates at a lower angle of incidence than the rest of the wing throughout the stroke ( figure 10h-l ) . This is most apparent during the upstroke ( figure 10i -k) when the alula of hoverfly H5 is flipped approximately perpendicular to the rest of the wing, causing the trailing edge of the alula actually to lead the stroke. Figure 11 shows this quantitatively, plotting the angle of incidence of the anal area of the main wing and the angle of incidence of the alula against time through the stroke. The alula of hoverfly H3 has an angle of incidence similar to that of the anal area except after supination when it lags behind the main wing. In contrast, the alula of hoverfly H5 is held at approximately 308 to the anal area during the downstroke and at up to 1008 to the anal area during the upstroke.
DISCUSSION
Stroke angle
Changes in stroke angle are produced by the indirect flight muscles, which drive the thorax at or near resonance (Nachtigall & Wilson 1967; Miyan & Ewing 1985) . Stroke angle is therefore expected to vary according to a simple harmonic function, the frequency and amplitude of which is under active control. In order to test this, we used a regression analysis to determine how much of the variation in stroke angle could be explained using four different models based on harmonic motion. The first model fitted stroke angle from the start of one downstroke to the end of the following upstroke as a simple cosine wave (figure 12a). In this model, the halfperiod and amplitude of the upstroke are constrained to be the same as the half-period and amplitude of the preceding downstroke. The second model fitted stroke angle as a half-cosine wave between the start and end of each half-stroke, where the half-period was free to vary between successive half-strokes, but the amplitude was constrained to be the same on the upstroke as on the preceding downstroke ( figure 12b ). The third model fitted stroke angle as a half-cosine wave between the start and end of each half-stroke, where the amplitude was free to vary between successive half-strokes, but the half-period was constrained to be the same on the upstroke as on the preceding downstroke ( figure 12c ). The fourth model fitted stroke angle as a half-cosine wave between the start and end of each half-stroke, allowing both the amplitude and half-period to vary freely between successive half-strokes ( figure 12d ).
The first model explains 97.6 per cent of the variation in the stroke angle (based on the R 2 value, using a general linear model with hoverfly included as a random factor). Both the second and third models explain a little more of the variation (R 2 ¼ 98.5% and 98.8%, respectively), while the fourth model explains almost all of the variation in stroke angle (R 2 ¼ 99.7%). We emphasize that all four models predict stroke angle as a simple harmonic function on each halfstroke: the differences between the models relate only to the constraints placed upon successive downstrokes and upstrokes. Our analysis indicates that the stroke angle is almost perfectly modelled as a simple harmonic motion, provided that both the amplitude and the halfperiod are allowed to vary from one half-stroke to the next. Although this result is not in itself sufficient to demonstrate that hoverflies use changes in half-period and amplitude to effect control of stroke angle, it suggests that a two-parameter model may be suitable for modelling how stroke angle is used to effect flight control. A much higher order model would be required to capture the changes we have measured in deviation angle, angle of incidence and camber (figures 2, 4 and 7). This difference presumably reflects the fact that whereas stroke angle is essentially governed by the resonant properties of the thorax, the deviation angle, angle of incidence and camber are controlled more subtly by direct flight muscles, and are subject to more complex aeroelastic effects.
Kinematic effects of wing rotation
The wing of a hoverfly rotates rapidly at either extreme of the stroke. Supination more or less coincides with stroke reversal, although distal wing elements pass through 908 before stroke reversal, whereas proximal wing elements pass through 908 after stroke reversal (figure 8). In contrast, pronation lags stroke reversal at all points along the wing ( figure 8 ). This timing of rotation is intriguing as mechanical and numerical models of flapping flight (e.g. Dickinson et al. 1999; Sane & Dickinson 2001; Sun & Tang 2002; Walker 2002; Wang et al. 2004) have consistently shown that advanced wing rotation (when the wing passes through 908 before stroke reversal) results in higher lift than a symmetrical rotation (when the wing passes through 908 at stroke reversal), which in turn results in more lift than a delayed rotation (when the wing passes through 908 after stroke reversal). This suggests that the hoverflies we filmed were not using the highest Wing kinematics in hoverflies S. M. Walker et al. 139 possible lift, which is consistent with the timing of rotation being used as a control variable to alter the lift being produced (e.g. Ennos 1989 ). Since some aerodynamic force must be left in reserve for manoeuvres, it is possible that advanced rotation might be used only during ascending flight, accelerations or turns (Dickinson & Götz 1993 ).
Another possibility is that delayed rotation simply reflects the passive dynamics of the wing's inertial motion (Ennos 1988b; Ishihara et al. 2009 ). Figure 4 shows that the angle of incidence recoils just after stroke reversal. This has been observed previously in Eristalis, and has been attributed to the large inertial forces produced as the wing accelerates at the start of each half-stroke (Ellington 1984; Ennos 1988b; Liu & Sun 2008) . The rotational axis of the wing lies close to the leading edge and ahead of the wing's centre of mass (Ennos 1988b) , so the velocity of the trailing edge lags the velocity of the leading edge at stroke reversal (Fig. 7) . Bos et al. (2008) used a two-dimensional numerical model to show that this recoil can improve the lift-to-drag ratio of a flapping wing by up to 15 per cent by lowering the effective angle of attack at the start of the downstroke, so that the leading edge vortex continues to generate a large amount of lift, but contributes less drag. The fact that the trailing edge lags the leading edge as the wing rotates also explains the direction of the torsional wave at stroke reversal. This wave passes from tip to root (figures 3 and 8), which is because the lag of the trailing edge increases from tip to root as a result of the wing's increasing chord (Ennos 1988b ; see also figure 6b).
Our results show that wing camber also recoils just after stroke reversal (figure 9c,f ). This is because of the lag of the trailing edge, which causes a transient increase in camber on a flexible wing (figures 7 and 8c,d). The camber then decreases as the trailing edge catches up with the leading edge, before increasing as the aerodynamic forces on the wing increase (Ennos 1988a) . It is unknown whether this recoil in camber has a beneficial effect similar to the recoil in angle of incidence, although as the camber has been shown to be important in the unsteady aerodynamics of insect flight (Du & Sun 2008) , it is tempting to speculate that it might.
Alula
The alula appears only to have been noted as an anatomical feature of the wing (Lowne 1890; Stubbs & Falk 2002) and its motion relative to the rest of the wing has not been described elsewhere. Of the five flight sequences described in detail here, only hoverfly H5 showed the alula operating in a 'flipped' state with respect to the rest of the wing. However, among the 78 recordings we made in which both wings were visible in at least two camera views, the alula was seen operating in a flipped state in 54 of the sequences, with five of six hoverflies observed displaying this behaviour. The alula slightly overlaps the wing at rest (Stubbs & Falk 2002) , and was only ever flipped dorsally relative to the wing. The left and right alulae operate independently, as we recorded examples of all four possible combinations of state. In some sequences, the alula operated in plane with the wing on one wingbeat flipped with respect to the wing on the next, and returned to its original state on the wingbeat after.
The data we have presented here do not allow us to test whether the movements of the alula are a passive aeroelastic phenomenon, or whether they are subject to active muscular control. The peaked shape of its (g -l ) . Six stages of the stroke are shown, running from the mid-downstroke to the end of the upstroke. Hoverfly H3 (a -f ) shows the alula operating in plane with the rest of the wing, except at supination, when it lags the rest of the wing (c). Hoverfly H5 shows the alula operating in its flipped state, in which it is held at a large angle to the rest of the wing at all stages of the wingbeat (white lettering: a ¼ alula).
hinge suggests that the alula might be a bistable structure (see Wootton 1981) , and the anatomy of higher Diptera is consistent with the notion that it might be actuated by movements of the third axillary sclerite, which contacts the anal area of the wing (see fig. 6 of Miyan & Ewing 1985) . The alulae are hypertrophied in many Diptera, and their ubiquity in these most accomplished fliers is suggestive of an important and general aerodynamic function. We hypothesize that the alula acts as a flow-control device, modifying vortex behaviour in the basal regions of the wing. Future work will test whether the alula operates passively or actively, and will analyse the aerodynamic and kinematic consequences of its deployment. Figure 12 . Diagrams demonstrating the four harmonic models used to predict how stroke angle varies with normalized time through the wingbeat (t ). The dashed line represents the measured stroke angle of the wing and the solid line shows the model that is being fitted to the measured data. The vertical line shows the measured start of the upstroke. See text for details of the models fitted.
